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ABSTRACT: Terpene cyclases are responsible for the initial cyclization
cascade in the multistep synthesis of more than 60 000 known natural
products. This abundance of compounds is generated using a very limited
pool of substrates based on linear isoprenoids. The astounding chemo-
diversity obtained by terpene cyclases suggests a tremendous catalytic
challenge to these often promiscuous enzymes. In the current study we
present a detailed mechanistic view of the biosynthesis of the monoterpene
bornyl diphosphate (BPP) from geranyl diphosphate by BPP synthase using
state of the art simulation methods. We identify the bornyl cation as an
enzyme-induced bifurcation point on the multidimensional free energy
surface, connecting between the product BPP and the side product camphene. Chemical dynamics simulations suggest that the
active site diphosphate moiety steers reaction trajectories toward product formation. Nonetheless, chemical dynamics is not
precise enough for exclusive product formation, providing a rationale for the lack of fidelity in this promiscuous terpene cyclase.

■ INTRODUCTION

Enzymes catalyze chemical reactions in the cells of all
organisms in nature.1 In the absence of enzymes, life as we
know it would not be possible. These biocatalysts enhance the
rate of chemical reactions to values approaching the diffusion
limit of bimolecular encounters in water.2 Decades of
comparisons between enzymatic reaction rates and their
nonenzymatic counterparts have revealed astonishing rate
enhancements of up to 1017-fold.3,4 No less intriguing than
the rate enhancement is the narrow range of observed rate
constants in enzymes compared to the much wider range seen
in nonenzymatic reactions. Indeed, the spread in reaction rate
values in enzymes is 10 orders of magnitude smaller, suggesting
that enzymes have evolved to produce chemical rates
compatible with a rather uniform time scale of cellular
processes.1

To achieve such catalytic perfection, enzymes employ
numerous physicochemical tools with the ultimate goal of
reducing the free energy barrier. A widely accepted mechanism
for free energy barrier reduction in enzymes is a preferential
stabilization of the transition state (TS)5 in enzymes compared
to that of an equivalent reaction in water.4 This in turn may be
associated with the considerably greater cost of solvent
reorganizing in moving from the reactant state (RS) to the
TS in the nonenzymatic reaction compared to that in the
enzyme reaction, where the active site is preorganized.6

Numerous additional catalytic effectssuch as RS destabiliza-
tion, desolvation,7 covalent bonding,8 quantum mechanical
tunneling,9,10 and enzyme dynamics11,12have been suggested.
Interestingly, in the generation of many natural compounds,

the principle catalytic challenge seems to be reaction control

and precision rather than rate enhancement.13 In the
biosynthesis of natural compounds, a limited stock of simple
metabolites is employed to generate exquisite chemodiversity.14

For example, terpenoids (isoprenoids) form a large family of
structurally and stereochemically diverse natural com-
pounds15−23 with only modest rate enhancements.24−26

Despite this limited rate enhancement, there is no questioning
the immense synthetic challenge facing terpene cy-
clases.15,16,18,21,27

Currently, more than 60 000 isoprenoids have been
identified, and their chemistry has been studied comprehen-
sively by experimental methods.14,16,18,28 Cyclic terpenoid
compounds are formed via complex carbocation cyclization
reactions involving highly reactive carbocation intermediates
that must be sequestered within the active site to avoid abortive
side reactions.16 Due to the transient nature of carbocations,
however, the presence of many intermediate structures is
merely postulated. Additionally, an active role of bound
diphosphate during catalysis has been proposed by numerous
researchers.29−32 Extensive theoretical studies have addressed
mechanistic aspects of terpene carbocation reactions, both in
the gas phase33 and in enzymes.34−36

The simplest form of terpenoid chemistry is found for
monoterpenes, which give plants fragrance, flavor, and
medicinal properties23,37,38 and which have also been suggested
as important players in organic aerosol formation.39 An
extensively studied monoterpene cyclase is (+)-bornyl
diphosphate synthase (BPPS).18 The crystal structure of
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BPPS was solved in the presence of several ligands representing
intermediate states of the proposed reaction, including a
product mimic of (+)-bornyl diphosphate (BPP).40 An essential
active site water molecule was also identified. These crystal
structures provide information on the main steps in the
reaction cascade, some of which are presented in Scheme 1a.
The final product, BPP, is formed in ca. 75% yield.41 This
putative mechanism has received accruing support from
experiments40−48 with isotopic labeled substrates42,43,45,48 as
well as substrate and intermediate analogues.40 In addition to
the main product BPP, the promiscuous BPPS also produces
significant amounts of (+)-α-pinene, (+)-camphene, (±)-limo-
nene, and terpinolene, with (+)-camphene being the main side
product (Scheme 1b).41,47

Computational gas-phase studies suggest numerous possible
side reactions for BPPS (Scheme 1b).36,49 The possible side
reactions include migrations, hydride transfers, proton transfers,
or deprotonations, which could yield additional products such
as limonene, terpinolene, camphene, α-pinene, β-pinene, β-
phellandrene, α/β/γ/δ-terpinene, α-thijuene, sabinene, and 3-
carene. Puzzlingly, many of the carbocations investigated are
significantly more stable than the bornyl cation (Scheme 1a) in
the gas phase and are formed through low energy barrier
processes, further underscoring the BPPS product formation
conundrum.36,49 Moreover, we have suggested that the bornyl

cation may constitute a bifurcation point on the gas-phase
potential energy surface (PES).36 Bifurcations occur in cases of
two sequential TSs with no intervening energy minimum, and
in systems possessing such a PES, reaction selectivity is
determined by the shape of the PES and dynamic effects.50,51

The central questions of the bifurcating nature of the bornyl
cation in the presence of enzyme, the product distribution in
BPPS, and the catalytic mechanism remain obscure, even for
this seemingly simple terpene cyclase. In an attempt to
elucidate these questions, we scrutinize the reaction mechanism
in BPPS, using hybrid quantum mechanics−molecular
mechanics (QM/MM)52−54 simulations in conjunction with
multidimensional free energy simulations and activated
molecular dynamics (MD) simulations.

■ RESULTS

Bornyl Diphosphate Synthase Reaction Mechanism.
The reaction mechanism in BPPS was studied using multi-
dimensional free energy simulations as described in the
Methods section. The current simulations commence with
the (3R)-linalyl diphosphate (LPP) bound in the active site of
BPPS. In this starting conformation, the C1−C2 bond is
oriented in a position conducive to C1−C6 bond formation of
the terpinyl cation in the R-configuration (fourth step in
Scheme 1a). The initiation step of the carbocation cyclization

Scheme 1. (a) Geranyl Diphosphate Cyclization to Bornyl Diphosphate Catalyzed by BPPS and (b) Possible Carbocation
Intermediates in the Cyclization of Geranyl Diphosphate to Bornyl Diphosphate by BPPS
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cascade is the dissociation of the C3−O3 bond, yielding a
diphosphate−allyl cation ion pair. In Figure 1 we present the

combined free energy profile for BPPS and in Figure S1
(Supporting Information) the free energy as a function of the
C1−O3 and C3−O3 bond distances. Inspection of this free
energy surface suggests that the computed free energy barrier is
ca. 15 kcal/mol. This may be compared with a limiting value of
19.1 kcal/mol for 3S-LPP in limonene synthase, based on the
experimental kcat value.

26 We note that the isomerization of
geranyl diphosphate (GPP) to LPP is assumed to be the rate-
limiting chemical step.43 The bond dissociation process reaches
a plateau at C1−O3 and C3−O3 distances of ca. 3.0 Å, where
the reactive linalyl cation species is stabilized by electrostatic
interactions with the PP moiety (Figure S1, Supporting
Information). We note that further distancing of the linalyl
cation from the diphosphate moiety is largely avoided by a
slightly higher free energy barrier (18.0 kcal/mol). This barrier
is seemingly essential since further distancing of the linalyl
cation would facilitate the formation of the terpinyl cation in a
nonproductive conformation, as has been observed in the BPPS
crystal structures.40 Similar binding modes have been observed
for bisabolyl carbocation mimics in trichodiene synthase as
well.55 Such nonproductive conformations could potentially
yield unwanted side reactions such as premature deprotonation
at C8 or C9 to yield (±)-limonene (Scheme 1b).
Following the formation of a linalyl cation, a terpinyl cation is

formed through a low-barrier process with ΔG⧧ = 2.1 kcal/mol
(Figures 1 and S2 and S4, Supporting Information). The
reaction free energy for this step is −5.0 kcal/mol. This may be
compared to a value of −15.2 kcal/mol in the gas phase (Table
S1, Supporting Information). A likely reason for the less
favorable process in the enzyme is the migration of the positive
charge from near proximity to the pyrophosphate moiety in the
initial ion pair to a position buried in the hydrophobic part of
the active site (Table S2, Supporting Information). Attempts to
form a terpinyl cation directly from (3R)-LPP in a concerted,
synchronous step resulted in a very high free energy barrier
(results not shown), and we conclude that full dissociation of
the linalyl cation from the diphosphate group to form the ion
pair is required prior to the terpinyl carbocation formation.
This is in agreement with the experimental assessment that a
distinct ion pair exists.43,45 We may thus define the trans-

formation (3R)-LPP → terpinyl cation as concerted-asynchro-
nous.56

Subsequently, the terpinyl cation is expected to form a bornyl
cation (Scheme 1) although gas-phase calculations suggest
pinyl cation formation.36 To quantitatively probe the formation
of pinyl and bornyl cations from the terpinyl cation, we
performed further multidimensional umbrella sampling simu-
lations (Figure 2). Attempts to produce the bornyl cation

directly from the terpinyl cation (applying a biasing force to the
C3−C7 bond) proceeded via a pinyl cation (Figure S5−S7,
Supporting Information). This strongly suggests that the
reaction mechanism in BPPS goes via a pinyl cation, as is the
case in the gas phase.36,49 Interestingly, this possibility was
alluded to in the early work of Wise et al.47 The free energy
surface suggests a small initial barrier (4.0 kcal/mol) followed
by the steepest descent path from the terpinyl to the pinyl
cation. The free energy gain upon pinyl cation formation is
−11.5 kcal/mol relative to the terpinyl cation. This may be
compared to a gas-phase value of −5.5 kcal/mol (Table S1,
Supporting Information). The driving force for this step is
seemingly a combination of formation of a strained σ-bond and
the charge migration during the ring closure (Table S2,
Supporting Information). The short lifetime of the terpinyl
carbocation is likely crucial to avoid unwanted hydride and
proton transfers.36 Subsequently, the required bornyl cation
may be formed from the pinyl cation via a free energy barrier of
5.8 kcal/mol (Figures 2, 3, and S5−S7, Supporting
Information). The bornyl cation is destabilized by +3.3 kcal/
mol relative to the pinyl cation (Figure 2). The barrier between
the pinyl and the bornyl cations is induced by the enzyme
environmentin the gas phase there is no barrier for the pinyl
→ bornyl endergonic transformation. The relative energy
difference between the pinyl cation and the less stable bornyl
cation in the gas phase is 9.2 kcal/mol (Table S1, Supporting
Information). Considering the stability of the pinyl cation,
potential side reactions could occur prior to the formation of
the bornyl cation, such as the formation of pinene or
fenchane.36

Figure 1. Free energy profile (kcal/mol) for the BPPS-catalyzed LPP
to BPP reaction.

Figure 2. Two-dimensional slice of the multidimensional classical
potential of mean force (kcal/mol) for the formation of the pinyl and
the bornyl cations from the (4R)-α-terpinyl cation in BPPS. Contour
levels correspond to 0.5 kcal/mol.
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Initial MD simulations of BPPS suggested that the bornyl
cation (Figure 3) may be captured by the diphosphate moiety
(Figure S8, Supporting Information) or rearranged to yield a
camphyl cation (Figure S9, Supporting Information).36 In
principle, additional rearranged side products are also possible.
To investigate these possible mechanistic pathways, we
computed the free energy surface as a function of the bornyl
→ camphyl cation rearrangement coordinate and the C2−O3
bond distance (Figures 1 and 4). On the basis of this free
energy map (Figure 4), we conclude that the bornyl cation is a
transient species in the enzyme. Indeed, it is expected to rapidly
form either the desired product BPP or camphyl cation en
route to the side product camphene. The product BPP is

strongly favored thermodynamically, with a reaction free energy
of −29.0 kcal/mol. Additionally, the bornyl cation is perfectly
oriented to form the (+)-BPP enantiomer, and we see no
formation of the (−)-BPP enantiomer, in agreement with
experiment.47 In comparison, the formation of a camphyl cation
yields −5.5 kcal/mol stabilization relative to the bornyl cation.
In the gas phase, the camphyl cation is more stable than the
bornyl cation by 19.4 kcal/mol (Table S1, Supporting
Information). We note that once formed in the enzyme, the
camphyl cation may produce camphene via deprotonation at
the C3 exocyclic position or at C4 by PP or the active site water
molecule (vide infra). Free energy simulations of camphyl
deprotonation suggest that this proceeds via the active site
water molecule, which is well-positioned to perform antiper-
iplanar proton abstraction (Figure 5). This camphyl deproto-

nation is accompanied by a concerted water proton transfer to
the diphosphate moiety. Formation of camphene and
protonated disphosphate is favored thermodynamically (−4.8
kcal/mol), and the barrier for such a process is less than 4 kcal/
mol (including nuclear QM effects). Thus, once a camphyl
cation is formed, it is rapidly deprotonated to form camphene.
We note that BPP may be formed via reprotonation of
camphene with a barrier of 10.3 kcal/mol, although
deprotonation of the diphosphate moiety by nearby water
molecules is a more likely scenario.

Dynamic Effects in the Bornyl Diphosphate Synthase
Reaction. A key question is the exact nature of the bornyl
cation (Figure 3) and what determines its fate. In our previous
combined gas-phase and initial enzymatic study of the BPPS-
catalyzed reaction we suggested that the bornyl cation is not a
stable intermediate but rather a short-lived species.36 Addition-
ally, we suggested that the bornyl cation constituted a
bifurcation point on the gas-phase potential energy surface.
On the basis of our current results, it seems that this bifurcating
nature is retained in the enzyme (Figure 6). We note that in the
enzyme the principle bifurcation is between different species
than in the gas phase. The bornyl cation is formed via a TS
from the pinyl cation, whereupon bornyl descends directly onto
another TS that separates the camphyl cation, and hence

Figure 3. Snapshot of the bornyl cation in the active site of BPPS
obtained from hybrid QM(M06-2X)/MM molecular dynamics
simulations. Magnesium ions are shown in purple. Hydrophobic
residues have dark-shaded ribbons, while hydrophilic residues have
light-shaded ribbons.

Figure 4. Two-dimensional slice of the multidimensional classical
potential of mean force (kcal/mol) for the formation of BPP or the
camphyl cation from the bornyl cation in BPPS. Contour levels
correspond to 0.5 kcal/mol.

Figure 5. Two-dimensional classical potential of mean force (kcal/
mol) for the deprotonation of the camphyl cation by an active site
water molecule and diphosphate moiety. Contour levels correspond to
0.5 kcal/mol.
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camphene, and BPP (Figures 1, 4−6). In such a bifurcating
case, the branching ratio between camphene and BPP is
determined by chemical dynamics. To probe the question of
the dynamics of branching of the bornyl carbocation to BPP
and camphene, we performed activated dynamics simulations.57

Interestingly, related branching points were alluded to by Hong
and Tantillo based on calculations on model systems.49

An ensemble of forward trajectories was initiated from the
kinetic bottleneck separating the pinyl and the bornyl cations.
The dividing surface was defined as R(C2−C7) = 2.10 ± 0.02 Å
and R(C3−C7) = 1.80 ± 0.02 Å (Figures 2 and S6, Supporting
Information). At the pinyl → bornyl cation TS, shown
schematically as TS1 in Figure 6, the ensemble averaged C2−
O3 distance is 2.8 ± 0.1 Å. Commencing from this point, we
propagated 50 trajectories in the direction of the bornyl cation
(for details, see the Methods section). The trajectories are
presented in Figure 7a, and in all cases a camphyl cation or BPP
is formed within a few hundred femtoseconds, suggesting that
bornyl cation is a short-lived species in BPPS. We also note that
the bornyl cation is a required intermediate, and formation of
BPP and camphene always passes through this cation (Figure
S10, Supporting Information). Moreover, once a product is
formed it remains stable for the remainder of the simulation.
Inspection of the trajectories suggests a clear preference for
BPP formation over camphyl cation formation. The product
distribution is presented in Figure 7b and shows a 1:0.1 ratio of
BPP:camphyl formation, in agreement with experiment.41,47

We note that initiating MD trajectories with the bornyl cation,
i.e., at the TS separating BPP and the camphyl cation (Figure 4
and TS2 in Figure 6), does not yield a preference for BPP
formation (Figure 8). Indeed, 75 MD trajectories initiated with
the bornyl cation [R(C3−C7) ≈ 1.6 Å] yield a nearly equal
BPP:camphyl distribution (see Supporting Information for
further information). BPP is preferentially obtained when the
simulations are initiated at shorter C2−O3 ion pair distances,
while at longer distances rearrangement to a camphyl cation is
observed. This suggests that the active mode at the preceding
TS (TS1 in Figure 6) is essential in directing the reaction flux
toward BPP formation. Indeed, had dynamic effects not been in
play, we should have expected a Maxwell−Boltzmann
distribution of velocities in the bornyl cation state. Our

activated dynamics simulations initiated with the bornyl cation
(TS2 in Figure 6) model such a scenario, and as stated no
preferential BPP formation is observed, in contradiction with
experiment. A related analysis has been performed by Warshel
and Chu in the study of surface crossing in bacteriorhodopsin,
where inertial and overdamped models were employed to
determine the nature of the photochemical event.58

■ DISCUSSION
We may now address the key questions on BPPS catalysis,
namely, how bornyl diphosphate is formed in spite of the
significant catalytic challenges and how do we account for the
experimentally observed side products limonene, pinene, and
camphene. On the basis of the current results, we would expect
BPP to be the major product, as is observed experimentally.41,47

The formation of BPP is strongly favored thermodynamically

Figure 6. Schematic depiction of the bifurcating potential of mean
force surface in BPPS. RS represents the pinyl cation and TS1 the
transition state between the pinyl cation and the bornyl cation (TS2),
while PS1 and PS2 represent bornyl diphosphate and camphene,
respectively.

Figure 7. Activated classical molecular dynamics trajectories for the
formation of BPP or the camphyl cation (CAM) in BPPS. The forward
trajectories were initiated at the dividing surface between the pinyl and
the bornyl cations at various distances from the diphosphate group. (a)
Trajectories initiated in the encircled region and ending either with
BPP or CAM. (b) Distribution of products as a function of initial
distance from pyrophosphate moiety.
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and, once formed, no reverse reaction is possible. However, the
reaction path to BPP is prone to chemical errors. In the absence
of an enzyme, the carbocation bornyl forms exclusively the
camphyl cation,36 and even in the enzyme it is a transient
molecule. Truly, the bornyl cation constitutes a branching
point, and the enzyme needs to funnel the reaction from the
terpinyl cation, via a pinyl cation, toward the desired product
BPP and away from camphene formation. The current
simulations suggest that this is achieved by electrostatic
guidance and dynamical effects, as will be detailed below.
In order for BPPS to yield selectivity, electrostatics is

employed as a guiding force en-route to the final product. The
initial binding of the substrate is such that the general fold is
conducive to correct cyclization.40 Following heterolytic
cleavage of (3R)-linalyl diphosphate, the linalyl cation is
precisely positioned for subsequent formation of a terpinyl

cation, presumably via electrostatic interactions. The terpinyl
cation is formed via a low barrier, concerted, asynchronous
process, yielding what is seemingly not the global free energy
minimum in BPPS,40 since the cation at the C7 position
(Scheme 1 and Figure S4, Table S2, Supporting Information) is
not in immediate proximity to the diphosphate group.
However, this intermediate is short-lived and rapidly forms a
pinyl cation with the positive charge at the C3 position in close
vicinity of the diphosphate (Figure S5 and Table S2,
Supporting Information). The electrostatic interactions orient
the intermediate in a manner that likely minimizes the
possibility for side reactions and enables the formation of the
bornyl cation via a low-barrier process (Figures 2 and 3 and S7,
Supporting Information). Subsequently, electrostatic effects
ensure that the bornyl cation enjoys direct ion-pair stabilization
(Figure S7, Table S2, Supporting Information). Indeed, the
relative stability of the bornyl and the camphyl cations is
significantly perturbed in the enzyme, compared to the gas
phase, in favor of the bornyl cation. Seemingly, such a use of
electrostatics is essential in the absence of any specific
interactions between the carbocations and the protein matrix.
Nonetheless, electrostatic interactions are seemingly insufficient
to ensure committed product formation on a bifurcating
potential of mean force surface, and dynamical effects are
required. Indeed, product distribution in BPPS is not
predictable on the basis of thermodynamics and kinetics
alone. Rather, product formation is realized in the reaction flux
that is funnelled toward BPP formation, as is evident from
activated dynamics simulations and normal-mode analyses of
the dividing surface ensemble separating between the pinyl and
the bornyl cations (see the Methods section). Similar
asymmetric funneling of product distribution has been
suggested for photochemical processes in crystals.59 The active
mode that forms the bornyl cation includes coupled motions
that combine rearrangement from the pinyl to the bornyl cation
[i.e., the antisymmetric stretch coordinate R(C2−C7)−R(C3−
C7)] as well as compression of the C2−O3 distance, assisting
BPP formation (see the movie in Supporting Information). To
the best of our knowledge such dynamical effects have not
previously been observed in enzymes,60 although Villa ̀ and
Warshel hinted that such effects may exist in systems with low-
barrier processes.61 Here we suggest that dynamic effects may
play a crucial role in terpene cyclases, which are enzymes with
highly complex potential energy surfaces with a multitude of
stationary points separated by low barriers. We note that
dynamical effects have been implicated in other terpenes on the
basis of gas-phase calculations.62,63

On the basis of the current simulations, we may also readily
understand the possible formation of limonene, pinene, or
camphene (Scheme 1). A slight misfold of the initial substrate
or enzyme, the tumbling of the intermediate during catalysis, or
imprecise barrier crossings may allow abortive deprotonation to
form side products. A likely deprotonating agent would be the
diphosphate moiety (via the O3 or O7 atoms) or the active site
water molecule (OW atom) that hydrogen bonds directly to
the diphosphate O7 atom. As shown herein, deprotonation of
the camphyl cation by the active site water molecule and
diphosphate, to yield camphene, is expected to be a rapid
process. Protonation of the diphosphate moiety might
subsequently trigger a product release process.
In summary, this work proposes a multilevel catalytic strategy

in one of the simplest terpenes, BPPS. The potential of mean
force surface in BPPS is highly complex, with transient species

Figure 8. Activated classical molecular dynamics trajectories for the
formation of BPP or the camphyl cation (CAM) in BPPS. The
trajectories were initiated with the bornyl cation at various distances
from the diphosphate group. (a) Trajectories initiated in the encircled
region and ending either with BPP or CAM. (b) Distribution of
products as a function of initial distance from pyrophosphate moiety.
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separated by low free-energy barriers and a bifurcation point. In
particular, BPPS employs the pyrophosphate moiety to guide
the reaction toward product formation. However, in order to
achieve chemical control on such an intricate free energy
landscape, BPPS needs to employ dynamical effects to ensure
primary formation of the product BPP. Herein is the root of its
promiscuity: electrostatics and dynamics, in the absence of
directional hydrogen bonds, are not sufficiently precise to
achieve exclusive product formation, and as a result numerous
side products are observed. Further studies of terpene cyclases
employing more accurate potential energy surfaces, longer
simulations, and additional theoretical frameworks in order to
quantify the magnitude of the dynamical effect are expected to
scrutinize the currently proposed role of dynamics.

■ CONCLUSION

In the current study we present a detailed mechanistic view of
the biosynthesis of the monoterpene bornyl diphosphate (BPP)
from geranyl diphosphate by BPP synthase (BPPS). We
employ molecular dynamics and multidimensional free energy
simulations on an accurate hybrid quantum mechanics−
molecular mechanics potential energy surface to study the
enzymatic pathways. We identify the bornyl cation as a key
mechanistic branching point that can form the product BPP as
well as the side product camphene. Initial heterolytic C−O
bond cleavage in (3R)-linalyl diphosphate yields a linalyl cation,
followed by formation of terpinyl and pinyl cations.
Subsequently, the bornyl cation is formed via a low, enzyme-
induced barrier separating the bornyl cation from the pinyl
cation. Importantly, the bornyl cation is not a stable species but
serves as a TS between BPP and the camphyl cation. The
bornyl cation may be viewed as an enzyme-induced bifurcation
point on the potential of mean force multidimensional surface.
Chemical dynamics simulations suggest that a key factor in
assuring BPP formation is electrostatic steering by the
diphosphate moiety, which directs reaction trajectories toward
product formation. Nonetheless, chemical dynamics is not
precise enough for exclusive product formation, providing a
long sought after rationale for the lack of fidelity in this
promiscuous terpene cyclase. The current results suggest that
terpene cyclases such as BPPS may have evolved to direct
product distribution via dynamical effects, even though this is a
possible reason for their promiscuity.

■ METHODS
Gas-Phase Modeling. We have previously performed extensive

benchmark calculations of various DFT and high-level ab initio
methods on small carbocation compounds in order to assess the most
reliable functional for the study of terpenes in general and
monoterpenes in particular. In the current study, we employ the
M06-2X hybrid DFT approach64 with a 6-31+G(d,p) basis set.65 In
Tables S1 and S2 (Supporting Information) we present gas-phase
results for model carbocations and monoterpenes. The current results
compare well with those obtained from high-level ab initio methods.
All stationary points were characterized with frequency calculations,
and a scaling factor of 0.967 was used for all frequencies.66 All gas-
phase calculations were performed with the Gaussian 09 program.67

Enzyme Modeling. The reaction mechanism in BPPS was
addressed by several complementary strategies. Initially, unbiased
MD simulations of key proposed intermediates were performed to
probe the intrinsic reactivity of the species. Subsequently, the full
enzyme reaction mechanism was studied with free energy simulations
using adaptive multidimensional umbrella sampling simulations68,69

and a recently developed multidimensional version of the weighted

histogram analysis method (WHAM) code.70 Finally, activated
forward MD simulations were performed with trajectories initiated
at different dividing surfaces in phase space, and the evolution of the
trajectories was followed until they were quenched in product states.

Model of the Solvated Enzyme−Coenzyme−Substrate Complex.
As described previously, the X-ray crystallography structure of dimeric
(+)-bornyl diphosphate synthase from Salvia officinalis, published by
Whittington et al. (PDB ID: 1N23),40 was used as a starting point for
the simulations.36 The 2-azabornane in the active site was manually
modified to the 2-bornyl cation, and the system was solvated with a 20
Å water sphere. The system was initially heated slowly to 298 K during
the course of 25 ps and thereafter equilibrated for 75 ps. Subsequently,
the system was further simulated for 1 ns. The current MD study
employed stochastic boundary conditions for the enzymatic reaction
due to the size of BPPS and the high cost of the QM/MM
simulations.71 Further details are provided in the Supporting
Information.

Potential Energy Surface. The potential energy surface (PES) in
the current study is described by a hybrid QM/MM Hamiltonian.52 In
this treatment, the reactive fragment wherein the chemistry occurs is
treated via QM to allow for bond breaking and forming while the
environmental effects of the enzyme and solvent are included via MM.
The QM region contains the carbocation, diphosphate, and Mg2+ ions
in one of the active sites and is described by the M06-2X functional64

in conjunction with a hybrid basis set (see Supporting Information).36

In simulations of deprotonation of the camphyl cation, the active site
water was also treated as QM. The MM part is described by the
CHARMM22 force field,72 while water molecules are treated by the
TIP3P model.73 Further details are provided as Supporting
Information.

Multidimensional Adaptive Umbrella Sampling Simulations. The
current MD study employs stochastic boundary conditions for the
enzymatic reaction due to the size of BPPS and the high cost of the
QM/MM simulations.71 The details of the MD simulations have been
previously described.36 The classical potential of mean force (PMF) as
a function of the reaction coordinate was defined as

ζ ρ ζ= − +W RT C( ) ln ( )cl (1)

where ρ is the unbiased probability density along a reaction coordinate
ζ, R is the gas constant, T is the temperature, and C is an arbitrary
constant.57 In practice, we employed adaptive multidimensional
umbrella sampling simulations68,69 and a recently developed multi-
dimensional version of the WHAM code.70

The reaction coordinates were defined by means of geometric
variables relevant to different stages of the reaction mechanism
(Scheme 1). We performed three separate sets of multidimensional
adaptive umbrella sampling studies: (i) starting from (3R)-linalyl
diphosphate and ending with terpinyl cation formation, (ii) starting
from the terpinyl cation and ending with BPP or a camphyl cation. (iii)
Deprotonation of the camphyl cation to yield camphene. In set i we
defined three reaction coordinate variables: ζ1 = R(C1−O3), ζ2 =
R(C3−O3), and ζ3 = R(C1−C6). This set accounts for heterolytic
cleavage of geranyl diphosphate and (3R)-linalyl diphosphate to yield
the linalyl−diphosphate ion pair, as well as formation of the terpinyl
cation. In set ii we defined four reaction coordinates: ζ1 = R(C2−C7),
ζ2 = R(C3−C7), ζ3 = R(C3−C4)−R(C2−C4), and ζ4 = R(C2−O3).
The former two coordinates in set ii represent formation of the pinyl
and bornyl cations, respectively, from the terpinyl cation, whereas the
latter two define the bornyl → camphyl cation migration and BPP
formation, respectively. In set iii we defined two reaction coordinates,
describing proton transfer from the camphyl cation to the active site
water molecule and from water to the diphosphate moiety. Specifically,
ζ1 = R(C10−H)−R(H−OW) and ζ2 = R(OW−HW)−R(HW−O7). The
reaction coordinates were evenly spaced with 0.10−0.25 Å separation
between centers of windows. Each window was briefly equilibrated for
2 ps and sampled for 5−10 ps each. The combined QM(M06-2X)/
MM PMF simulation time was over 600 ps. Further details are
provided as Supporting Information.
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Normal Mode Analysis. To gain insight into the nature of the
active mode at the TS separating the pinyl and bornyl cations, we
performed normal-mode analysis for selected TS configurations. The
Hessian matrix was computed numerically for the QM atoms only (i.e.,
in a fixed field of MM atoms).
Nuclear Quantum Effects. To account for zero-point vibrational

energy and tunneling effects in the deprotonation of the camphyl
cation, we used Monte Carlo path-integral simulations.74 In the path-
integral simulation approach, classical particles are replaced by a ring of
quasiparticles (beads) to describe quantum delocalization. In the
current study, we employ a recently developed high-order factorization
of the thermal density matrix operator, which allows a significant
reduction in the number of beads. Practically, we employed three
beads per atom in conjunction with the staging sampling algorithm, as
implemented in CHARMM.74 Further details are provided as
Supporting Information.
Activated Dynamics Simulations. Activated MD simulations57

were performed by initiating trajectories from one of two initial states:
(i) the bornyl cation region and (ii) the dividing surface between the
pinyl and the bornyl cations (vide infra). The trajectories were
followed for 0.5−1.0 ps, which was sufficient for the trajectory to
quench in either the BPP or camphyl product well. In total, 125 such
trajectories were run starting from different initial points in phase
space, based on trajectory files from the umbrella sampling
simulations. Of these trajectories, 50 were initiated at the transition
state separating the pinyl and bornyl cations [R(C2−C7) = 2.10 ±
0.02 Å and R(C3−C7) = 1.80 ± 0.02 Å], while 75 of these were
initiated from the bornyl cation [R(C3−C7) ≈ 1.6 Å and R(C2−O3)
≈ 2.5−3.0 Å]. The initial velocities of all atoms were randomized to
give a Maxwell−Boltzmann distribution. For the reactive trajectories
initiated at the TS between the pinyl and the bornyl cations, a forward
filter was applied to generate exclusively reactive trajectories (i.e.,
discarding trajectories returning to the pinyl cation). The time step
was 0.5 fs.
All QM(M06-2X)/MM simulations used the CHARMM simulation

platform,75,76 interfaced with the Q-CHEM program.77
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